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ABSTRACT
Manufacturing air-cooled heat exchangers with 3D printing allows a greater freedom of design compared to
conventional techniques. One prototype has been designed and tested with air channels printed that include staggered
arrays of pin fins. The heat exchanger design is modeled and analyzed using the Engineering Equation Solver (EES)
software (Klein, 2015). The model is used to size the heat exchanger in order to satisfy two desired performance
characteristics: low air side pressure drop and high heat exchanger effectiveness. The model implements the ε-NTU
method in order to predict the heat exchanger performance and utilizes internal and external flow correlations to
estimate the convective heat transfer coefficients of the channels. The model is incorporated with an optimization in
order to vary some of the air-side channel geometric parameters to obtain the lowest possible heat exchanger volume.
A prototype of the resulting design has been printed with ABS plastic and experimentally tested. Its performance has
been compared to that expected from the model.

1. INTRODUCTION
Dry-cooling reduces or eliminates the consumption of water which has both ecological and economic benefits. Power
plants would have greater siting options if they did not need a large local water supply, thus relieving the limitation
that arid regions cannot host power generation sites. Current drawbacks associated with implementing dry-cooled
systems include poor efficiency due to warmer heat rejection temperatures and high capital costs associated with
conventional dry-cooling systems that consist of large arrays of metal finned-tubes and plate-fins.
Advances in additive manufacturing, commonly referred to as 3D printing, have redefined the theoretical
manufacturing limitations across a variety of applications. This project examines the use of 3D printing in the design
of dry-cooled heat exchanger systems. Different additive manufacturing techniques have a range of printing
capabilities, material properties, and material costs. The technique that is most generally associated with 3D printing
is Fused Layer Modeling (FLM), otherwise known under the trademark Fused Deposition Modeling (FDM®). In
FLM, raw solid polymer filament is melted and extruded through a CNC nozzle. This technique has the advantages
of efficiently producing functional and durable parts with complex geometries using relatively inexpensive material.
The low cost of the material and the manufacturing process allow it to be considered for large-scale systems such as
those required for a dry-cooled power plant.
One characteristic of the FLM process is its range of material compatibility. While polymer filaments have the
advantages of being relatively low cost, lightweight, durable, and corrosion-resistant, their thermal conductivity is 10
to 100 times lower than that of metals (Joen et al., 2009). This is an obvious disadvantage for their use in a heat
exchanger application. Current work, including work associated with this project, is being done to increase the thermal
conductivity of these polymers by embedding conductive fillers such as graphite, carbon black, carbon fiber, or metal
particles of various shapes and sizes. The use of filled polymers could increase the thermal conductivity of FLM
polymers by a factor of 10 or more (LATI, 2013).
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2. DESIGN PROCESS
2.1 Geometric Specifications
The specification of the heat exchanger geometry is broken into two categories: the microstructure, which refers to
dimensions of an individual channel that can be repeated indefinitely, and the macrostructure, which refers to the
overall size of heat exchanger formed by repeating or lengthening channels as necessary. The macrostructure depends
on the microstructure geometry, the number of rows, and the number of air channels in each row.
ST

D
SL

thwall

ht

w
thfin

Figure 1: Geometric configuration. Left: air-side microstructure. Right: macrostructure.

2.2 Microstructure Design
Rectangular ducts were chosen for both the air and water channels. It was recognized that a larger number of shorter
water channels would be more advantageous than a smaller number of taller water channels to maximize efficiency
and surface area. For this reason, each water channel was sized to have a fixed 1-mm height and its width would be
adjusted with the macrostructure. The air ducts are filled with a staggered array of circular cross-sectional pin fins,
as shown in Figure 1 on the left side where the top of the duct is transparent. The geometric parameters required to
define this microstructure include: air-side channel height (ht) and width (w), the thickness of the walls separating the
air channels (thfin), the thickness of the walls separating the water and air channels (thwall), the diameter of the pin fins
(D), and their spacing in both the transverse (ST) and longitudinal (SL) directions. Straight circular pin fins were chosen
for the initial design because their performance can be predicted using existing flow correlations associated with
extensive research and literature for flow over tube banks. These existing correlations enabled immediate analysis of
this geometry which allowed parallel progress to be made on the manufacturing side of the project. It is understood,
however, that circular pin fins may not be the optimal design, and alternative geometries are possible using the 3D
printing technique. Current work is being done to investigate different shapes of these pin fins that go beyond straight
circular cylinders. For example, by streamlining the cross-section of the pin fins, the drag force can be significantly
reduced, resulting in a lower pressure drop across the array. One study has been carried out specifically for flow over
various cross-sectional shapes including elliptic, drop-like, and airfoil cross-sections for long fins (Sahiti et al., 2006).
Another improvement being investigated is the effect of varying the cross-section of the pin fin along its length such
that they have larger cross-sectional area at the base, where the rate of conduction is highest, than they do at the center
of the duct, where conduction is zero.

2.2 Macrostructure Design
The design of the macrostructure puts the air and water channels in cross-flow. This is typical of most gas-to-liquid
heat exchangers where more of the surface area is dispersed by a large frontal area rather than long gas-side channels
in order to conserve pressure drop without sacrificing surface area for heat transfer. The parameters that define the
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heat exchanger macrostructure (Figure 1) include the following: height of the heat exchanger (defined by the number
of rows), width of the heat exchanger (defined by the number of air channels in each row), and the depth of the heat
exchanger. Together these parameters define the spatial volume of the heat exchanger, and the microstructure and
macrostructure together define the corresponding volume of material.

2.2 Manufacturing Constraints
Despite the enhanced freedom of design enabled by additive manufacturing, there exist some constraints on design
that must be set to maintain printability. These constraints include minimum wall thicknesses and feature sizes. To
ensure water-tight channels, there must be a few layers of material printed between channels. Current work is being
done within this project by Dr.-Ing. Natalie Rudolph and Tom Mulholland to investigate how the use of filled polymers
can enhance or inhibit the printability of thinner walls. The height of each layer is mostly dependent on the diameter
of the nozzle used for printing, which for most of the prototypes examined in this project has been set to 0.4
millimeters. Assuming two layers, this limits the wall thickness to 0.8 millimeters. It has been experimentally tested
and verified that with certain print parameters, this wall thickness is water-tight at temperatures up to 80°C and
pressures up to 50 psi for conventional ABS (Hruska, 2016).
A similar issue limits the minimum feature size that can be printed. Because the nozzle of the printer cannot extrude
material smaller than its diameter, any feature printed is limited to having a dimension that is at least that size. This
means that printing with a 0.4-mm nozzle limits any curvature or feature diameter to 0.4 millimeters. This limitation
becomes an issue with ensuring features are printed solid. In order to avoid air gaps between layers, the size of a
feature (thickness, diameter) must be a multiple of the nozzle diameter. All of these constraints need to be considered
for the part to be printed as it was designed.

3. MODELING CRITERIA
3.1 Objective
The model was developed using Engineering Equation Solver (EES) software (Klein, 2015). The purpose of this
model is to evaluate the performance of the cross-flow heat exchanger in which the air flows through rectangular
channels that are filled with an array of pin fins. The operating conditions are summarized in Table 1. They
correspond to a lab-scale version of what an air-cooled condenser would require if water were used instead of steam.
Table 1: Operating conditions
Pressure
(both sides)
Atmospheric

Inlet
Temperature
Air
22°C

Inlet
Temperature
Water
40°C

Flow Rate
Air

Flow Rate
Water

Material
Conductivity

650 LPM

5 LPM

2.0 W/m-K

3.2 Assumptions
Some assumptions were made to develop this model. Because the temperature and pressure changes expected for
both fluids are relatively small, their thermodynamic and transport properties do not change significantly within the
heat exchanger; therefore, these properties are treated as being constant and are evaluated at each fluid’s average
temperature. The heat capacity rate of the water will be significantly greater than that of the air and therefore the
temperature drop of the water is small compared to the temperature rise of the air; therefore, the surface temperature
inside the air-side channels is treated as spatially uniform. In a steam condenser the temperature will be nearly constant
on the water side as long as pressure drop is small. The apparatus used to provide flow to both sides of the heat
exchanger must be designed to uniformly distribute the flow; it is therefore assumed that there are no flow nonuniformities in the heat exchanger. The exterior of the heat exchanger will be well-insulated so that the rate of heat
loss to the environment is negligible; the model assumes no heat transfer between the heat exchanger and its
surroundings.

3.3 Hydraulic Analysis
The pressure drop through the water channels is analyzed using internal duct flow correlations (Nellis and Klein,
2009). Additional pressure drop at the inlets and outlets are also accounted for using correlations for expansion and
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contraction resistance coefficients associated with steady incompressible flow (Crane, 1979). The pressure drop
through the air channels is predicted using the external flow correlation for a staggered bank of tubes (Žukauskas,
1972) which is the major contributor to pressure losses for the air flow, though entrance and exit effects are also
accounted for using correlations for expansion and contraction resistance coefficients.

3.4 Thermal Analysis
The heat transfer rate from the water channels to the air channels is analyzed using a thermal resistance network. The
network (Equation (1)) includes, in order, convection on the water-side, conduction through the wall, and the
combined effect of convection from the prime surface on the air-side and the fins attached to that surface. These fins
include both the fin effect associated with the walls separating the air channels and the pin fin arrays installed inside
the air channels. An efficiency of these fins is computed and used to account for the combined effects of conduction
and convection (Bergman, 2011).
1
1
th  1  
1
Rtot 
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(1)

The average heat transfer coefficient on the surface of the water channels is found using correlations for internal duct
flow with a constant surface temperature condition (Kakaç et al., 1987). The heat transfer coefficients on the surfaces
in the air channels are found more approximately. The average heat transfer coefficient on the surface of the pin fins
is calculated using a correlation for a staggered bank of tubes (Žukauskas, 1972). The average heat transfer coefficient
on the duct surface (i.e., the top and bottom surfaces on which the array of pins is installed) is calculated using a
correlation for internal duct flow similar to that used for the water channel. However, since the boundary layer on
that surface is continually being interrupted by the pin fin array, the actual average heat transfer coefficient is expected
to be much greater than that associated with an uninterrupted channel. Current work is being done to simulate these
channels with computational fluid dynamics (CFD) to obtain a better estimate of the heat transfer coefficient that will
exist on these surfaces.
The total resistance is used to find the conductance of the channels (Equation (2)) which is then used to calculate the
number of transfer units (NTU) of the heat exchanger (Equation (3)).

1
UA
UA
NTU =
Cmin
Rtot 

(2)
(3)

The NTU is used with the heat capacity ratio to calculate the overall heat exchanger effectiveness using the equation
for a cross-flow heat exchanger where both fluids are unmixed (Kays and London, 1984) as shown in Equation (4).
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(4)

The effectiveness is then used to calculate the actual heat transfer rate between the two fluids (Equation (5)).

q   Cmin Tw,in  Ta,in 

(5)

The heat transfer rate for the heat exchanger and the conservation of energy principle are then used to calculate the
outlet temperatures for both fluids.

Cmin Ta,out  Ta,in   Cmax Tw,in  Tw,out 

(6)

4. OPTIMIZATION METHOD
It is important to understand how each free geometric parameter affects the performance of the heat exchanger during
the design process. In order to obtain a single metric that characterizes the heat exchanger performance, the EES
model adjusts the size of the heat exchanger (the length and cross-sectional area) in order to meet two performance
criteria (effectiveness and pressure drop). This technique encompasses both the thermal and hydraulic behavior into
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one parameter: the volume of the heat exchanger. For a given set of microstructure parameters, the model calculates
the required number of air channels and the length of those channels in order to meet the performance criteria that is
set, and these together determine the required volume which is at least approximately related to eventual cost.
Therefore, a small volume is the objective during analysis. The performance criteria for this study were set at 60%
effectiveness with a 100-Pa air-side pressure drop for the specified operating conditions (Table 1).
Table 2: Results from parametric study
Microstructural parameter

Symbol in Figure 1

Trend for minimizing volume

Height of air channel
Width of air channel
Thickness of walls between air channels
Thickness of walls between air and water channels
Transverse pitch
Longitudinal pitch
Diameter of pin fins

ht
w
thfin
thwall
ST
SL
D

Optimized
Largest possible
Smallest possible, limited by
manufacturing
Optimized, dependent on D
Optimized

The results from the parametric study are summarized on Table 2. The height of each air channel has an optimal value
from incorporating the counteracting effects it has on fin efficiency, surface area, and free-flow area for the air. The
diameter of the pins has an optimal value because of its combination of conductive and convective heat transfer;
smaller diameter pins exhibit higher heat transfer coefficients (Žukauskas, 1972) while larger diameter pins increase
the heat transfer rate into each pin from the duct surface. The spacing of the pin array, as defined by transverse and
longitudinal pitch, may also be optimized to ensure sufficient flow through the channel while still disrupting the flow
and increasing heat transfer; this optimization was found to be directly dependent on the diameter of the pins. In
general, the parametric study provided general guidelines for the optimization process as shown in Table 2.

Heat exchanger volume [cm3]

1200

1.5-mm walls
0.8-mm walls

1000

800

600

400

200

0
0.1

1

10

100

Thermal conductivity [W/m-K]

Figure 2: Effect of thermal conductivity on heat exchanger volume
After the heat exchanger geometry was designed and its optimization criteria were established, the effect of thermal
conductivity was investigated. Figure 2 shows the effect of the material thermal conductivity on the required heat
exchanger volume for two wall thicknesses. It shows how the benefit from increasing thermal conductivity is most
exhibited at low orders of magnitude (0.1 – 1 W/m-K) and this effect is especially beneficial when the wall thickness
is set to 1.5-mm. If higher thermal conductivities are not achievable, the ability to print thinner walls may serve as an
alternative. For example, to decrease the heat exchanger volume to 120 cm3 with 1.5-mm walls, a thermal conductivity
of 3 W/m-K is required, but if the same heat exchanger could be printed with 0.8-mm walls, a thermal conductivity
of 1 W/m-K would be sufficient.
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5. EXPERIMENTAL RESULTS
A prototype heat exchanger was printed using unfilled ABS material (Figure 3) to demonstrate the printability of the
heat exchanger and to validate the model. The prototype was designed with nine air channels and five two-pass water
channels. An array of 1-mm pin fins were printed inside the air channels and all walls were designed with 1.5-mm
thickness to ensure water tightness. The thermal conductivity of the material was approximately 0.2 W/m-K. The
operating conditions for the experimental test (Table 3) have been adjusted from those listed in Table 1 in order to
ensure the heat exchanger would perform adequately despite its lower conductivity. The prototype was tested over
the velocity range shown in the table and the heat transfer results were compared with the analytical model (Figure
4). The experimental heat transfer rate is calculated using energy balances on both the air and water side.
Table 3: Experimental operating conditions
Pressure
(both sides)
Atmospheric

Inlet
Temperature
Air
22°C

Inlet
Temperature
Water
60°C

Inlet Velocity
Air

Flow Rate
Water

Material
Conductivity

0.35 – 1.35 m/s

0.35 LPM

0.2 W/m-K

Figure 3: First prototype heat exchanger printed using FLM with ABS
The experimental data and the model prediction of that data from the model correlates well for the range of air
velocities tested. This demonstrates an agreement between the model and experimental results for a low-conductivity
case. At the lower velocities, however, the air and water experimental data deviate, possibly indicating a heat leak to
the surroundings. This condition will be taken into account for future tests when considering the velocity range to
use. The pressure drop was also measured and compared to that predicted from the model (Figure 5), which shows
that the calculated and experimental pressure drops deviate by a consistent factor of about 50%. This deviation is
likely caused by variations between the CAD model and the print itself; for example, because of the orientation of the
print, the pin fins were not printed perfectly circular. The corresponding drag coefficient would be different if the pin
fins were printed in a more diamond or elliptic shape. It is also possible that there may be webs or channeling inside
the air channels. Further investigation of the prototype will be carried out to determine the exact geometry that was
printed and tested and to understand how it deviates from the design.
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Figure 4: Experimental and analytical thermal data
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Figure 5: Experimental and analytical hydraulic data

6. CONCLUSIONS




Improving the thermal conductivity for the printed polymer directly affects the heat exchanger performance,
but this relationship is nonlinear. Increasing the conductivity from 0.2 to 2.0 W/m-K has a greater effect than
increasing the conductivity from 2.0 to 20 W/m-K.
Limitations on the performance of 3D-printed heat exchangers go beyond the thermal conductivity of the
material with which they are printed. The effort to enhance the printability of small features and thin walls
should be conducted alongside that of improving the thermal conductivity.
The model for analysis of the heat exchanger has been partially validated by experimental results. Upcoming
designs and tests will be done to further observe and improve the accuracy of predicted performance.

16th International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016

2454, Page 2
NOMENCLATURE
A
ABS
C
Cr
h
NTU
q
R
T
T
UA

surface area
Acrylonitrile Butadiene Styrene
heat capacity rate, or ṁcp
heat capacity ratio
heat transfer coefficient
number of transfer units
heat transfer rate
thermal resistance
temperature
temperature difference
conductance

(m2)

heat exchanger effectiveness
fin efficiency

(–)
(–)

(W/K)
(–)
(W/m2-K)
(–)
(W)
(K/W)
(K)
(K)
(W/K)

Greek
ε
η

Subscripts
a
f
in
max
min
out
p
tot
w

air or air-side
fin
inlet
maximum
minimum
outlet
pin fin
total
water or water-side
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